Objective. In November 2015, a 15-year-old boy received a diagnosis of Ebola virus disease (EVD) at the John F. Kennedy Medical Center in Monrovia, Liberia. Two additional family members received a diagnosis of EVD. The protocol for a phase 2 placebo-controlled trial of 2 Ebola vaccines was amended and approved; in 4 days, a single-arm cluster vaccination trial using the Merck rVSVΔG-ZEBOV-GP vaccine was initiated. Here, we evaluate the safety and immunogenicity of the vaccine and discuss challenges for its implementation in a small Ebola outbreak.
Liberia was first declared free of Ebola virus transmission by the World Health Organization (WHO) in May 2015. Transmission resurfaced 3 additional times: in June 2015, November 2015, and March-April 2016. In August 2015, Guinea announced interim results from the rVSVΔG-ZEBOV-GP ring vaccination study (Ebola Ca Suffit!) [1] , which showed that the rVSVΔG-ZEBOV-GP was safe and suggested clinical efficacy, based on the number of cases in individuals >10 days after vaccination as compared to the number of cases in those not vaccinated. Thereafter, Guinea and Sierra Leone introduced the rVSVΔG-ZEBOV-GP vaccine as part of their efforts to end Ebola virus transmission.
In November 2015, a 15-year-old boy received a diagnosis of Ebola virus disease (EVD) while hospitalized in the pediatric ward at the John Fitzgerald Kennedy (JFK) Memorial Hospital in Monrovia, Liberia. Subsequently, the boy's father and younger brother also had EVD diagnosed. The source of the infections has been linked subsequently by molecular sequencing to the mother, who was an unrecognized survivor of EVD in 2014; owing to either Ebola virus persistence or recurrent disease, she transmitted the virus to her family [2] . Immediately following their diagnoses, as part of the response effort, the Liberian Ministry of Health requested that the National Institutes of Health access the investigational supply of the rVSVΔG-ZE-BOV-GP vaccine (Merck Sharp Dohme, NJ), which was being stored in Liberia. This vaccine had been previously studied in a phase 2 trial in Liberia through the Partnership for Research on Ebola Vaccines in Liberia (PREVAIL) [3] . The PREVAIL 1 study examined the safety and immunogenicity of the rVSVΔG-ZE-BOV-GP vaccine but was not able to provide any data on efficacy, owing to the decline in the number of cases in Liberia.
To fulfill this request for access to the experimental vaccine, the PREVAIL I trial protocol was amended to conduct a cluster (ie, "ring") vaccination study in which close contacts and contacts of close contacts of EVD cases could be rapidly vaccinated using the expanded access ring protocols used in Guinea and Sierra Leone after the interim results of the Ebola Ca Suffit! study were announced. In this article, we report the safety and immunogenicity of the vaccine used in the cluster vaccination study and discuss the challenges and lessons learned in implementing this type of study during an outbreak.
MATERIALS AND METHODS

Research Protocol
A research protocol to conduct an Ebola cluster vaccination study was quickly developed and implemented by amending the PREVAIL I protocol (clinical trials registration NCT02344407). Ethical clearance from the National Institutes of Health Institutional Review Board was obtained on 20 November 2015. The study was approved by the National Research Ethics Board and the Liberia Medicine and Health Regulatory Authority on 23 November 2015, and thus the protocol was ready for implementation 4 days after the first EVD case in the cluster was identified ( Figure 1 ).
EVD Cases and Contacts
The index case for this cluster was a 15-year-old boy for whom EVD was diagnosed on 19 November 2015; on 20 November, the boy's father and younger brother also received a diagnosis of EVD.
Following the diagnoses, the Centers for Disease Control and Prevention, the WHO, and the Liberian Ministry of Health worked together to identify the close contacts and contacts of the close contacts of the EVD cases. These contacts formed the cohort eligible for immunization. Close contacts were defined as those who lived in the same households as the cases, those who had visited the cases since the onset of their illnesses, and those who were in close physical contact with the cases' body or bodily fluids, linens, clothes, or dishes. These contacts included people who lived in the households in a ring around the family with EVD, healthcare workers at the JFK Memorial Hospital and the associated Ebola treatment unit, and patients being cared for at the JFK Memorial Hospital at the time of the cases' diagnoses. The geographical boundary for the ring was defined with the assistance of community leaders. Ultimately, >2000 households were visited to identify 650 possible close contacts over approximately 10 days.
Because contacts were reluctant to have vaccination activities next to their homes, community leaders identified a school about 0.5 km from the affected community, where vaccinations could be performed. Close contacts, contacts of close contacts from the neighborhood, healthcare workers, and patients being seen at the JFK Memorial Hospital at the time the cases had EVD diagnosed were invited to the school to learn about the study, be assessed for vaccination eligibility, provide consent for the study, and receive vaccine, where applicable. A mobile vaccination team was also created to vaccinate consenting healthcare workers from the JFK Memorial Hospital and those caring for patients at the Ebola treatment unit. The 20-member vaccination team included a number of skilled, experienced individuals from the PREVAIL 1 study, including but not limited to a social mobilization expert, a nurse with experience obtaining informed consent, a phlebotomist, and a physician ( Table 2 ). The team had prior experience with the PREVAIL 1 vaccine study and required only 1 day of training on the new protocol. The team provided information about the vaccine and the protocol, including that the vaccine was still investigational, to interested individuals who visited the school compound and to eligible healthcare workers. The informed consent process included a group information session and an individual consent session. If the person consented to vaccination, an informed consent form was signed and 1 copy was given to the volunteer, with a second copy retained by the study team for its records. The process ensured that potential participants understood the possible risks and benefits of the vaccine and their right to refuse to be vaccinated without having to disclose a reason for refusal. Those consenting to vaccination were then screened for eligibility, which was based on the expanded access ring protocol used in Sierra Leone and Guinea after August 2015. Individuals aged ≥6 years who consented to vaccination were eligible for vaccination. Criteria for exclusion included a history (self-reported or laboratory confirmed) of EVD, fever (temperature, >38°C), verbal report of pregnancy or breast-feeding, a history (self-reported) of anaphylaxis to a vaccine or vaccine component, a severe illness that rendered the person bed bound or that required hospitalization at the time of the vaccination, and any other condition that, in the judgment of the investigator or the caregiver, negatively impacted the person's ability to provide informed consent.
Social Mobilization, Communication, and Community Engagement
Social mobilization, communication, and community engagement in the vaccination areas were crucial and robust. A community engagement team, including PREVAIL staff, the Liberian Ministry of Health, the United Nation's Children Fund, the WHO, community leaders, and country health officers, mobilized key decision makers and political leaders, including traditional medicine practitioners and religious leaders, to explain the study and secure support for advocacy and mobilization. Flyers that explained the rationale for vaccination were distributed throughout the affected community. Numerous community meetings were held to review frequently asked questions, to answer additional questions, and to exchange information with community members, to ensure a transparent and meaningful participatory process. Some leaders volunteered to be the first vaccinated and became advocates for mobilizing the communities for vaccination.
Managing and Administering Vaccine
The rVSVΔG-ZEBOV-GP vaccine was stored in a secure freezer (temperature, −80°C) and transported to the vaccine site daily, with signature-confirmed handoff and the use of cold chain equipment that maintained temperatures between 2°C and 8°C. All movements of the vaccine were documented using electronic monitoring systems. Vaccine accountability, storage, shipment, and handling were conducted in accordance with the standard operating procedures of the manufacturer.
On the day of vaccination, vaccine vials were allowed to thaw at ambient temperature. The vaccine was then brought from the storage facility to the Cowfield vaccination site and reconstituted according to the manufacturer's guidelines. Because this was a response to an active EVD outbreak, triage was required before people entered the vaccination site, including measurement of body temperature and assessment for EVD symptoms. The vaccinator prepared the vaccine and then, after donning basic personal protective equipment, administered the vaccine. The rVSVΔG-ZEBOV-GP vaccine (dose, 2 × 10 7 plaque-forming units) was administered intramuscularly in the deltoid muscle of either arm, avoiding broken skin or injuries. Participants were observed at the vaccination site for 30 minutes after the vaccine was administered, to monitor for any immediate reactions. During these 30 minutes, a small snack and water were provided. Each vaccine recipient received a unique identifier showing that they had received vaccine. Every effort was made to vaccinate eligible and consenting participants within 72 hours but no later than 21 days after potential exposure to an individual with confirmed EVD.
Data Collection
Before vaccination, we collected demographic data and information about the nature of each individual's potential exposure to EVD. A blood specimen was collected from consenting volunteers, to measure the concentration of immunoglobulin G (IgG) antibody against the Ebola virus surface glycoprotein. Participants were given the contact details of the medical monitors, to whom they were asked to report any conditions experienced after the vaccine. Participants were seen 1 month after vaccination, to assess injection site reactions, targeted symptoms, and any serious adverse events that occurred. Targeted symptoms included feverishness, fatigue, muscle pain, headache, nausea, abnormal sweating, rash, mouth ulcers, unexplained bleeding/ bruising, and joint pain. Injection site reactions and targeted symptoms were graded on a 4-point scale as described in the PREVAIL 1 protocol [3] . A blood specimen was also collected only at the 1-month visit, for IgG antibody testing. Participants were seen 6 months after vaccination, for assessment of serious adverse events. IgG antibody levels against the Ebola virus surface glycoprotein were measured in serum at baseline and at 1 month, using the Filovirus Animal NonClinical Group assay [3] .
Statistical Analysis
Injection site reactions and targeted symptoms were summarized as the percentage of participants with an event of any severity grade and by grade. Antibody levels were log 10 transformed and summarized using geometric means. Median fold increases from baseline and the percentage of participants with a positive antibody response at 1 month were also determined. A response at 1 month was considered positive, using the same criteria used in PREVAIL 1 study: if participants did not have positive antibody responses at entry (the baseline level was <607 EU/mL), they were considered to have a positive antibody response at a follow-up visit if the increase from baseline was >0.60 log 10 (a 4-fold increase) [3] . Distributions of antibody levels at baseline and at 1 month were displayed using box plots. Change in average antibody response was assessed using a paired t test to compare the log 10 antibody levels at baseline and 1 month. Statistical analyses were performed using SAS, version 9.4 (SAS Institute).
RESULTS
Study Sample
Approximately 650 people were identified as close contacts, as illustrated in a flow diagram (Figure 2) . Most of these individuals (approximately 500) lived within a ring around the household of the cases. The contacts included 57 healthcare workers at the JFK Memorial Hospital and Ebola treatment unit and 4 patients being seen at the JFK Memorial Hospital at the time EVD was diagnosed in cases. Of the estimated 650 close contacts or contacts of close contacts, 210 (32%) consented to participate and were vaccinated during the study.
The median number of days from laboratory confirmation of EVD in the index case, on 19 November, until vaccination of his contacts was 15 days (range, 4-22 days; Figure 3 ). Vaccination ended on 11 December 2015, which was 21 days after the last contact was isolated. Provision of a blood sample was optional for the study: 113 of 210 participants (53.8%) provided a baseline blood sample.
The average age of participants was 33 years (range, 18-70 years); the sex of 14% of participants was female. Seven participants (3.3%) reported contact with bodily fluids; 1 had contact with skin, linen, clothes, or dishes; 194 (92.4%) reported contact with close contacts; and 15 (7.1%) reported being healthcare workers at a facility visited by one of the cases.
Of the 210 participants vaccinated, 189 (90%) attended the month 1 follow-up visit, and 96 provided a blood specimen for antibody testing; 166 participants (79%) attended the month 6 visit, and none provided a blood sample.
Vaccine Safety
The most common targeted symptoms were headache (40%), feverishness (31%), fatigue (13%), and muscle pain (13%); 56% of participants reported at least 1 symptom (Table 1) . Most symptoms were mild (grade 1); 5% reported at least 1 grade 2 or higher symptom, and 1% (2 participants) reported a least 1 grade 3 or 4 symptom. One participant reported grade 3 feverishness, fatigue, headache, and nausea; a second participant reported grade 4 feverishness and joint pain and grade 3 fatigue and muscle pain. No participants reported a serious adverse event during the study.
Antibody Levels
Five participants (4.4%) had elevated antibody levels (>607 EU/mL) at baseline; 3 had values >1000 EU/mL. The median baseline antibody level for all participants was 151 EU/mL (interquartile range [IQR], 99-241 EU/mL). The geometric mean level was 161 EU/mL. Significant increases in antibody levels were observed at 1 month (Figure 4) , with an increase in the median titer from 151 to 1238 EU/mL (IQR, 694-2549 EU/mL). The median fold increase from baseline was 8.6 (IQR, 4.1-8.6). Among those without an elevated antibody level at baseline, 77.3% (95% confidence interval, 68.5%-86.1%) had an antibody response. The geometric mean titer at 1 month for these participants was 1357 EU/mL (95% confidence interval, 1122-1641 EU/mL).
DISCUSSION
We successfully implemented a cluster vaccination study, designed on the basis of the Ebola Ca Suffit! Guinea ring vaccination trial [4] , of the investigational rVSVΔG-ZE-BOV-GP vaccine as part of the public health Ebola response for a small, 3-person EVD outbreak cluster in Liberia. With the presence of established PREVAIL clinical research capacity, an existing protocol was amended and implemented within 4 days of identification of a new confirmed EVD case, demonstrating that a prepared clinical research platform can quickly pivot to response research. There were no additional EVD cases identified during the outbreak response. As in the PREVAIL 1 study and most phase 1 studies conducted with the rVSVΔG-ZEBOV-GP vaccine [4] [5] [6] [7] , the vaccine was generally well tolerated, without serious adverse events. Common symptoms were headache, feverishness, fatigue, and muscle pain; almost all were grade 1. Only 2 participants reported grade 3 or 4 adverse events in the month following vaccination.
Seventy-seven percent of participants in the cluster vaccination study had an antibody response after 1 month. In the PREVAIL I study, use of a similar definition for responders revealed that 84% of rVSVΔG-ZEBOV-GP vaccine recipients had an antibody response at 1 month [3] . Approximately one third of participants identified as close contacts or contacts of close contacts were vaccinated. The median time from case diagnosis until vaccination of contacts was 15 days (range, 4-22 days). In the Guinea ring vaccination trial, the time from the EVD cases' initial symptoms to randomization of clusters was about 11 days. Also, EVD in many cases occurred within the first 10 days of vaccination. If this cluster or ring vaccination strategy is to be used in future outbreaks, it will be important to continue research on the rapidity of the immune response associated with other vaccines.
Conducting the integrated response research described here as part of the public health response to the Cowfield outbreak illustrated the strengths of research preparedness. Because the rVSVΔG-ZEBOV-GP vaccine is an investigational vaccine, its use under a research protocol was mandatory. Since the PREVAIL 1 study was ongoing in Liberia, it was possible to quickly amend the PREVAIL 1 protocol, enabling approvals and initiation of the protocol in a 4-day window. The ongoing work on the PREVAIL 1 study also provided the necessary infrastructure with which the cluster vaccination study could be performed. Furthermore, sufficient rVSVΔG-ZEBOV-GP vaccine already existed in the country, with an established cold chain. The public health response, which initially involved visiting thousands of households to identify close contacts and contacts of close contacts, was substantial and time consuming.
This would have occurred even if a vaccine was not available to use, but the research was able to leverage these outbreak surveillance efforts. The research team worked closely with the contact tracing team to ensure that the team was aware of who was vaccinated. As a result, if a vaccinated contact developed fever, they could undergo testing with the GeneXpert, which can distinguish between vaccine reactogenicity, those with a single positive glycoprotein target, and a new case of Ebola virus infection, those with both a glycoprotein and nucleoprotein gene targets. The PREVAIL research platform was able to address challenges previously identified from outbreak research, ensuring a timely response; robust social mobilization, communication, and community engagement; maintenance of high scientific standards; and adherence to ethical requirements for research [8] [9] [10] [11] .
Additional challenges resulted from conducting research with an experimental product during a cluster outbreak. A major challenge was getting eligible close contacts and contacts of contacts to participate in the study. Some of the study population had suspicions about the vaccine, including fear that it might cause Ebola and fear of stigmatization. Generating a list of eligible persons proved impossible owing to the unwillingness of contacts to share the names of their contacts. This unwillingness was attributed in part to distrust of authorities and to potential abuse of name-based rosters in postconflict settings. Thus, a geographical ring strategy was used. Further, although studies such as PREVAIL 1 had established the safety and immunogenicity of the vaccine in adults, safety data were not yet available for children. Thus, no one aged <18 years volunteered for the vaccine, even though children older than 6 years were eligible. Similarly, women were less likely to volunteer. The reluctance of women to be vaccinated was also seen in the PREVAIL 1 study. A possible explanation is that Liberian men are considered the head of the home. As such, men are expected to take the lead at all times. In addition, there was a community rumor that the vaccine would prevent women from becoming pregnant. Healthcare workers also expressed a high level of mistrust for the experimental vaccine, perhaps in part because of the reemergence of Ebola in Cowfield after Liberia had been declared Ebola free. The public health response required comprehensive community engagement to explain the epidemiology of the disease, as well as the risks and potential benefits of the vaccine. In the recent 2018 ebolavirus outbreaks in the Democratic Republic of the Congo, vaccine uptake has been reported by the WHO to be close to 100%. This suggests that uptake of an Ebola vaccine will be higher in a large outbreak with ongoing transmission than in a small cluster outbreak with absence of ongoing transmission.
A final challenge was defining the cluster in an urban environment. Plans were immediately developed and implemented to identify close contacts and contacts of close contacts of the 3 cases in the Cowfield region where the family lived, as in the trial in Guinea [1, 4] . As described above, it was difficult to obtain a list of contacts of contacts from close contacts owing to fears and suspicion associated with the normal contact-tracing framework. In addition, the definition of the cluster had to be broadened to include (1) healthcare workers at the JFK Memorial Hospital and Ebola treatment unit who initially cared for the EVD cases, (2) patients in the clinic and hospital floor where the cases were initially identified, and (3) visitors to the neighborhood where the family lived. The eventual cluster size in Liberia was therefore much larger than 80 people, the median size of clusters in Guinea.
Our study design precludes determination of whether the vaccinations contributed to containing this outbreak. Challenges in conducting this study are likely to be relevant to other small-outbreak settings where licensed vaccines and therapeutic agents are not available and response research is deemed desirable. Although this study was initiated 4 days after the recognition of the outbreak, the average time of vaccination after identification of the index case was 15 days (range, 4-22 days). In the ring study, approximately two thirds of EVD episodes (41 of 60) occurred within the first 10 days and did not contribute to the efficacy analysis [1, 4] . Even if data were available for postexposure prophylaxis, broad population-based use in this setting with unlicensed and intravenous agents is not practical. Despite rapid initiation of the cluster response vaccination protocol, the opportunity to influence protection in this small 3 person family cluster was limited. For future outbreak-response research in which the Merck rVSVΔG-ZEBOV-GP vaccine is used, it would be prudent for modelers to inform the size or transmission characteristics of an outbreak where use of the vaccine would likely influence control and containment efforts. In small outbreaks such as the Cowfield outbreak described in this article, the significant effort to deploy a response-research platform to evaluate a vaccine risks distracting responders from efficacious control efforts, with potentially little added benefit. However, there are several valuable lessons regarding the manner in which the PREVAIL team addressed challenges in executing the PREVAIL cluster study that may help guide future research efforts during disease outbreaks.
Notes
